Introduction
Bladder cancer is one of the most common noncutaneous malignancies with high mortality in general population, particularly in men. 1 Approximately, one-third of patients diagnosed with high-risk non-muscle-invasive bladder cancer are expected to have progression to advanced disease within 5 years. 2 Radical cystectomy is a common clinical modality for advanced bladder cancer, but it fails to increase survival rates due to recurrences and metastases. 3 To improve survival rates, a novel chemotherapeutic strategy against bladder cancer is in an urgent need, which prevents and/or delays progression of bladder cancer. Activation of mammalian target of rapamycin (mTOR) signaling has been demonstrated in aggressive cancers such as gastric and cervical cancer. [4] [5] [6] The effect of mTOR signaling has also been evaluated in bladder cancer. 7 The expression of phosphor-S6 (a marker of mTOR activity) was found in 55% of muscle-invasive bladder cancers with evident lymph node metastases. mTOR activity was demonstrated to be associated with increased pathological stage and reduced patient survival. Inhibition of mTOR using rapamycin-reduced tumor volume in a T24-xenograft model was also observed. 7 Therefore, targeting mTOR is a reasonable strategy to manage bladder cancer. RAD001 is an mTOR inhibitor that shares similar pharmacological activity with rapamycin as a chemotherapeutic agent. 8 RAD001 has been demonstrated to exert antiproliferative activities against human breast cancer cell lines, gastric cancer, lymphoma cells, and prostate cancer cells. [9] [10] [11] [12] Its antitumor effects on different solid cancers such as renal and endometrial cancers are under clinical evaluation. 13, 14 It has a relatively short half-life and favorable bioavailability. RAD001 specifically binds with FKBP-12 after entering cells, forming a complex that binds to mTOR. 15 RAD001 thus inhibits growth factorinduced transduction signaling that is involved in cellular division, cell cycle, and apoptosis. 16 The aim of this study was to investigate the mechanism underlying the anticancer effects of RAD001 in different grades of bladder cancer cells. We found that RAD001 induced autophagy in bladder cancer cells and that sensitivity to RAD001 was associated with the grade of cancer cells. Furthermore, the inhibition of autophagy could lead to the enhancement of RAD001-mediated cytotoxicity.
Materials and methods chemicals
RAD001 was purchased from Sigma-Aldrich (St Louis, MO, USA). A 10 mM stock solution for cell culture was prepared in dimethyl sulfoxide (DMSO), and aliquots were stored at -20°C. All other chemicals, unless otherwise mentioned, were purchased from Sigma-Aldrich.
cell culture
Human bladder cancer cell lines RT4 (American Type Culture Collection, ATCC, Manassas, VA, USA; #HTB-2), 5637 (ATCC#HTB-9), HT1376 (ATCC#CRL-1472), and T24 (ATCC#HTB-4) were obtained from Bioresource Collection and Research Center (Hsinchu, Taiwan) and maintained at 37°C under 5% CO 2 . RT4 and HT1376 cells were cultured in McCoy's 5A and minimum essential medium, respectively. 5637 and T24 cells were cultured in Roswell Park Memorial Institute-1640 medium. Culture media were supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 2 mM GlutaMAX-1 (Thermo Fisher Scientific), 100 units/mL penicillin, and 100 µg/mL streptomycin (Thermo Fisher Scientific). Cells were treated with the indicated concentration of RAD001 with or without the treatment with autophagy inhibitors, including bafilomycin A1 (Baf A1), 3-methyladenine (3-MA), and chloroquine (CQ), while control cells received an equal volume of DMSO. The final concentration of DMSO was less than 0.1%. Ethical permission for the use of cell lines was not necessary for this study, as only patients' samples or animal research requires such approval from the institutional review board or relevant ethical committee.
cell viability assays
The effect of RAD001 on the growth of human bladder cancer cells was examined using the WST-8 reagent (SigmaAldrich) as previously described. 17 In some experiments, cell viability was detected in RAD001-treated cells cotreated with autophagy inhibitors, including 3-MA, Baf A1, or CQ.
Detection of mTOr-related genes by quantitative polymerase chain reaction
Genes involved in mTOR signaling, including mTOR complexes (MLST8 and RPTOR (mTOR complex 1 [mTORC1]) and RICTOR (mTOR complex 2 [mTORC2])), mTORC1-positive regulation (EIF4B, RPS6, and RPS6KB1), and mTORC2-positive regulation (AKT1, GSK3B, and RPS6KB1) were detected using quantitative polymerase chain reaction (qPCR). Total RNA was extracted, using TRIZol reagent (Thermo Fisher Scientific), from T24 cells treated with 1 µM RAD001 for 24 hours. RNA yields were measured using Nanodrop 2000 (Thermo Fisher Scientific). Two micrograms of total RNA was subjected to reverse transcription using SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific). qPCR was performed as previously described. 18 GAPDH was employed as internal control. Relative expression was calculated by the comparative Ct and expressed as fold of control. Sequences of primer pairs used in this study are listed in Table S1 .
Detection of mTOrc1 downstream effectors by Western blot
Cells were harvested and lysed using radioimmunoprecipitation assay buffer, followed by measurement of protein concentration using a BCA protein assay (Pierce, Rockford, IL, USA). Protein samples were subjected to a 14% sodium dodecyl sulfate polyacrylamide gel electrophoresis and subsequently transferred to polyvinylidene fluoride (PVDF) membranes 
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inhibition of autophagy enhanced raD001-induced apoptosis (Millipore, Billerica, MA, USA). Antibodies against RPS6 and phospho-RPS6 (p-RPS6) were purchased from Cell Signaling Technology (Danvers, MA, USA); antibody against β-actin served as internal control and was obtained from Sigma-Aldrich. Immunoblotting procedures were performed using a chemiluminescence procedure (Millipore) per the manufacturer's instructions. The intensity of immunoreactive bands were determined using GeneTools software (Syngene, Frederick, MD, USA) after scanning the chemiluminescence signals on the membrane by a Multigel-2 multifunction gel image system (TOP BIO CO., Taipei, Taiwan). Results are presented as mean ± standard deviation of three independent experiments.
autophagy assays
Induction of autophagy was monitored in cells treated with indicated concentration of RAD001 with or without 2 hours pretreatment with 200 nM Baf A1 by the formation of acidic vesicular organelles using acridine orange staining as described; 19 and the detection of microtubule-associated protein 1B-light chain 3 (LC3) processing using Western blot as described. 17 caspase-3/7 activity Caspase-3 activity was assayed using (H-Asp-Glu-Val-Asp) 2 Rhodamine 110 ((Z-DEVD) 2 -R110, Bachem, Torrance, CA, USA) substrate as previously described. 17, 18 In brief, cells were seeded in 96-well plates and incubated overnight. The cells were then treated with DMSO (control) or 1 µM RAD001 with or without the 2 hours pretreatment of inhibitors (1 mM 3-MA or 200 nM Baf A1) for 48 hours. The cells were subsequently lysed with caspase-3 assay buffer containing (Z-DEVD) 2 -R110 substrates and incubated at 37°C for 1 hour. The fluorescent intensity of proteolytically released fluorophore R110 was then measured using a plate reader (Victor X2; PerkinElmer, Waltham, MA, USA) with an excitation wavelength of 485 nm and emission wavelength of 535 nm.
statistical analysis
All data are expressed as the mean ± standard deviation. The statistical significance of the differences in variables between groups was calculated using Student's t-test, and P,0.05 was considered statistically significant. Each experiment was performed at least in triplicate.
Results

raD001 inhibits the growth of bladder cancer cells
The effect of RAD001 on the survival of bladder cancer cell lines was determined using WST-8 assay. Treatment of bladder cancer cell lines with RAD001 resulted in increased cell death in a dose-dependent manner ( Figure 1 ). Our data revealed that RAD001 exerted inhibitory effects on RT4 cells (Grade I with wild-type p53) at a concentration as low as 50 nM at 24 hours, whereas the other bladder cell lines had no response to the treatment ( Figure 1 ). Advanced bladder cancer cells, HT1376, 5637, and T24, were found responding to the RAD001 treatment at concentrations of over 20 µM. Prolonged exposure to low concentrations of RAD001 had a greater effect on the survival of 5637 and HT1376 cells (Grade II transitional cell carcinoma [TCC] with mutant p53) compared with that of T24 cells ( Figure 1B ). Given the findings, the concentration of RAD001 at 1 and 5 µM was used for following experiments.
raD001 induces autophagy in bladder cancer cells
We next examined the effects of RAD001 on mTOR signaling in advanced bladder cancer cells. q-PCR was performed to analyze the levels of mTOR-related genes after a single 24-hour exposure of T24 cells to 1 or 5 µM of RAD001. As shown in Figure 2 , RAD001 treatment resulted in a downregulated expression of mTOR-related genes (Figure 2A ), including RPS6 and RPS6KB1, which are positively regulated by mTORC1 (mTOR-positive regulation; Figure 2B ). It is known that RAD001 has an effect on mTORC1 but not on mTORC2 protein complex signaling. 20 Interestingly, the results revealed that RAD001 induced a downregulation of mTORC2-related gene expression, such as those of AKT1 and RPS6KB1 (mTORC2-positive regulation; Figure 2C ). However, AKT1 expression was increased in cells treated with 5 µM RAD001 compared to those cells treated with 1 µM RAD001 at 24 hours posttreatment ( Figure 2C ). We further detected the expression of the downstream effector of mTORC1, RPS6; the results showed that RAD001 potently inhibited RPS6 activation throughout the duration of treatment ( Figure 2D ).
To investigate the role of autophagy in RAD001-induced cytotoxicity, fluorescent imaging was employed to morphologically assess the formation of autophagosome in bladder cancer cells. As shown in Figure 3A , treatment with 1 µM of RAD001 for 24 hours resulted in an accumulation of lysosomal vacuoles exhibiting autolysosomal characteristics, whereas the control cells exhibited few vacuoles in number. Western blotting showed that RAD001 treatment increased the breakdown of p62 (also known as SQSTM1, a polyubiquitin-binding protein that is degraded by autophagy) 21 and LC3-I, with a corresponding increase in LC3-II level in a dose-dependent manner in T24 cells ( Figure 3B inhibition of autophagy enhances raD001-induced cytotoxicity in bladder cancer cells
We next examined whether the inhibition of autophagy sensitizes bladder cancer cells to RAD001-induced cell death using WST-8 assay. As presented in the "RAD001 inhibits the growth of bladder cancer cells" section, sensitivity of bladder cancer cells to RAD001 is suggested to be related to the grade of the tumor. Therefore, three bladder cancer cell lines were exposed to RAD001 in the absence or presence of autophagy inhibitors (including 3MA, Baf A1, or CQ). The low-grade bladder cancer cell line, RT4, exhibited a significantly decreased viability in the presence of a combination of RAD001 and autophagy inhibitor compared with that of RAD001 only ( Figure 4A ). The data revealed that the viability of bladder cancer cells was significantly decreased in the presence of RAD001 and autophagy inhibitor compared with that exposed only to RAD001. In high-grade bladder cancer cell lines, a significant difference in cell viability between the 
autophagy inhibition triggers apoptosis in bladder cancer cells
We demonstrated that cytotoxicity of RAD001 in bladder cancer cells was enhanced in response to cotreatment with autophagy inhibitors. It is of interest to elucidate the mechanism by which the combination of mTOR inhibitor and autophagy inhibitor cause cell death in bladder cancer cells. Treatment of RT4 with 1 µM of RAD001 resulted in a significant increase in caspase 3/7 activity, while the induction of apoptosis was absent in 5637 and T24 cell lines. The combination of RAD001 and 3MA or Baf A1 led to a substantial elevation of caspase 3/7 activity in 5637 and T24 cell lines compared with that in the absence of autophagy inhibitors ( Figure 5 ). These data suggested that inhibition of autophagy significantly enhanced RAD001-induced apoptosis in high-grade bladder cancer cells.
Discussion
In this study, we reported that RAD001 treatment induced autophagy in bladder cancer cells. We found that a decreased sensitivity to RAD001 was associated with high-grade bladder cancer. Furthermore, coordinate inhibition of mTOR and autophagy led to enhanced cell death in high-grade bladder cancer cells.
The mTOR protein is known for its role in regulation of cell growth and metabolic processes. Deregulated mTOR signaling pathway has been shown to contribute to the development of many disorders including cancer. 22 mTOR protein forms two distinct complexes, mTORC1 and mTORC2. The mTORC1 is the nutrient-sensitive complex consisting of the mTOR interacting protein raptor. It is involved in cell growth and cell size by regulating protein synthesis and autophagy. 23 Upon activation, mTORC1 phosphorylates the translational regulator eukaryotic translation initiation factor 4E (eIF4E) binding protein 1 (4E-BP1) and S6 kinase (S6K). mTORC1 inhibition has been shown to impair protein synthesis and alter gene transcription. 24 In this study, we demonstrated that the mTORC1 inhibitor RAD001 exerts anticancer activity in bladder cancer cells. It is suggested that mTOR inhibition by RAD001 is effective in disturbing the growth of bladder cancer cells. However, the sensitivity to RAD001 varied among the bladder cancer cell lines tested, with RT4 cells being the most responsive and T24 cells being the least responsive. It has been reported that cellular response to mTORC1 inhibition is associated with the p53 status in many types of tumor. [25] [26] [27] Recent studies have suggested that rapamycin-mediated tumor suppression is dependent on p53, which reduces cellular proliferation after mTORC1 inhibition. 25, 28 Our findings that RT4 cells with wild-type p53 were more sensitive to RAD001 than the other ones with mutated p53 support the results of previous studies, implying a heterogeneous response to RAD001-mediated mTOR inhibition. Although inhibition of mTORC1 was expected to diminish cancer cell survival, the extent of cytotoxicity can be reduced by additional changes that occur. For example, the mTORC2 is suggested to be insensitive to the presence of rapamycin and its derivatives and was shown to regulate the prosurvival kinase AKT by phosphporylation on Ser473. 29 Therefore, inhibition of mTORC1 results in inhibition of negative feedback loops and leads to rapamycin resistance in some cell types. 30, 31 Our results showed a decreased expression of mTOR complexes and AKT1 transcripts in RAD001-treated T24 cells, and only the expression of AKT1 was slightly increased upon 5 µM RAD001 treatment. Rapamycin and RAD001 are well recognized as specific inhibitors that act on mTORC1, and the inhibition usually accompanies with feedback activation of mTORC2 and AKT prosurvival pathway as already mentioned. Our results from the transcription level may also help to explain why prolonged inhibition of mTORC1 inhibits mTORC2 assembly and AKT activation. 32 The differences in bladder cancer cells responding to mTOR inhibition may be attributed to other factors, such as variability of mTORC1 and mTORC2 response or activation/inhibition of other pathways upon mTOR inhibition. RAD001 has been shown to activate MAP kinase (MAPK) through S6K/PI3K/Ras signaling, which, in turn, enhances survival of cells. 33 These complex interplays between mTOR and other pathways are postulated to account for differences in sensitivity to RAD001.
Autophagy is a fine-tuned catabolic process that is critical in organelle degradation and protein turnover. It is present at low levels in normal cell and upregulated in response to metabolic stresses. It is evident that mTOR (as a sensor of cellular nutritional status, stress, and growth factor signals), particularly mTORC1, plays a role in autophagy signaling pathway. A previous study has demonstrated that autophagy is induced by mTORC1 inhibition, whereas stimulation of mTORC1 inhibits this process. 34 The mTORC1 was shown to control autophagy by regulation of a protein complex consisting of ULK1, ATG13, and FIP200. Inhibition of mTORC1 resulted in the decreased phosphorylation of ULK1 and ATG13, and therefore induction of autophagy. 35 Although starvation or stress signaling is not always mediated by mTORC1, and it is possible that other mTORC1-independent pathways regulate ULK complexes, 36 the current knowledge suggests that mTORC1 and ULK complexes constitute the main axis of the pathways that regulates growth and autophagy. In this study, we observed that RAD001, as an mTORC1 inhibitor, induces autophagy in bladder cancer cells corresponding with variable cytotoxicity. Autophagy was initially considered a process that suppressed malignant transformation. 37 Activation of the PI3K/ AKT pathway via activating PI3K mutations, AKT amplifications, or PTEN loss has been reported to attenuate autophagy in many settings largely through mTOR activation. 38, 39 The p53 protein has been shown to have opposing roles in autophagy, which is activated by nutrient deprivation or genotoxic stress leading to activation of autophagy as well as inhibition of mTOR. In contrast, p53 has been demonstrated to suppress autophagy in the basal state. 40, 41 Despite a role in tumor suppression, autophagy has been demonstrated to play a potentiating role in cancer development, promoting survival in cells under a number of stresses. 40, 42, 43 In addition, autophagy has been shown to mediate therapeutic resistance in a variety of situations. 44 For example, our previous study demonstrated that natural chemopreventive compound, benzyl isothiocyanate, induces protective autophagy in human prostate cancer cells. 17 Furthermore, we reported that high-grade bladder cancer exhibits high basal level of autophagy. 45 It is possible that inhibition of mTORC1 with RAD001 further enhances autophagy and accounts for the resistance of this drug in highgrade bladder cancer cells. Recent studies have demonstrated that autophagy is induced by restoration of p53 expression or by alkylating chemotherapy and that inhibition of autophagy enhances the antiproliferative activity of chemotherapy. [46] [47] [48] In this study, we showed that combination of RAD001 with autophagy inhibitor leads to significantly increased apoptotic cell death in bladder cancer cells. It is suggested that the mTOR inhibition by RAD001 induces a protective autophagy blocking apoptosis pathway. Our results were consistent with the report that inhibition of mTOR and autophagy coordinately enhances cell death in melanoma. 49 In addition, a phase I trial of temsirolimus (another mTORC1 inhibitor) and hydroxychloroquine (an autophagy inhibitor that disrupt autophagosomes fusion with lysosomes) demonstrated that the combination of temsirolimus and hydroxychloroquine is safe and tolerable in patients with advanced solid tumors and melanoma. 50 Therefore, inhibition of autophagy is suggested to enhance RAD001-induced apoptotic cell death in bladder cancer.
Conclusion
The antiproliferation effect of RAD001 on bladder cancer cells is heterogeneous. Inhibition of autophagy significantly enhances cytotoxicity of RAD001 in bladder cancer cells. Combination of mTOR inhibitor and autophagy inhibitor represents a potential effective approach to manage bladder cancer. Further studies are needed to elucidate the mechanism of mTOR regulation and its clinical role in the treatment of bladder cancer. 
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